The objectives of this study were: To investigate computer-assisted digital radiographic measurement of Cobb angles in dogs with congenital thoracic vertebral malformations, to determine its intra-and inter-observer reliability and its association with the presence of neurological deficits. Medical records were reviewed (2009)(2010)(2011)(2012)(2013) to identify brachycephalic screw-tailed dog breeds with radiographic studies of the thoracic vertebral column and with at least one vertebral malformation present. Twenty-eight dogs were included in the study. The end vertebrae were defined as the cranial end plate of the vertebra cranial to the malformed vertebra and the caudal end plate of the vertebra caudal to the malformed vertebra. Three observers performed the measurements twice. Intraclass correlation coefficients were used to calculate the intra-and inter-observer reliabilities. The intraclass correlation coefficient was excellent for all intra-and interobserver measurements using this method. There was a significant difference in the kyphotic Cobb angle between dogs with and without associated neurological deficits. The majority of dogs with neurological deficits had a kyphotic Cobb angle higher than 35u. No significant difference in the scoliotic Cobb angle was observed. We concluded that the computer assisted digital radiographic measurement of the Cobb angle for kyphosis and scoliosis is a valid, reproducible and reliable method to quantify the degree of spinal curvature in brachycephalic screw-tailed dog breeds with congenital thoracic vertebral malformations. 
Introduction
Congenital vertebral malformations causing secondary kyphosis (dorsal curvature of the vertebral column) and scoliosis (lateral curvature of the vertebral column) are relatively common in dogs, especially in the brachycephalic ''screw-tailed'' breeds such as the English bulldog, French bulldog, Boston terrier and Pug [1] [2] [3] . Patients with congenital vertebral malformations are often asymptomatic with malformations representing incidental findings identified during unrelated radiographic studies. Clinical signs observed in the affected population are usually those of a progressive myelopathy secondary to vertebral canal stenosis, but also to vertebral instability related to the degree of spinal curvature [1, 2, 4, 5] . The prevalence of clinically affected brachycephalic screw-tailed dogs with congenital vertebral malformations is unknown, but could represent an important ''spontaneous'' model of spinal deformity.
An important factor evaluated in human patients with congenital vertebral malformations causing kyphosis and scoliosis is the degree of spinal curvature. The angular magnitude of a spinal deformity is usually quantified using the Cobb angle [6] . This method is used to guide decisions regarding progression, physiotherapy, orthotic options and surgical interventions [7] [8] [9] . Various techniques have been used to determine the Cobb angle in humans, including manual, digital computer-assisted (semiautomatic), automatic and even smartphone procedures [9] [10] [11] [12] [13] .
To the authors' knowledge there are just three previous studies that attempted to quantify the degree of spinal curvature in dogs, and none of them used a computer-assisted method [2, 4, 5] . In the setting of congenital vertebral malformations in dogs, validating a reliable method is an essential first step towards assessment of disease severity, progression, prognostic significance and it may be used to guide treatment. As a first step in understanding the effect of vertebral malformations in dogs, assessing the reliability of a computer-assisted Cobb angle measurement is therefore important.
The aims of the present study were to investigate the use of Cobb angle measurements in dogs with congenital thoracic vertebral malformations in order to objectively quantify the degree of spinal curvature (kyphosis and scoliosis) using a open-access, computer assisted, digital radiographic measurement system and also to determine if the degree of spinal curvature was associated with the presence of neurological deficits in dogs with thoracic vertebral malformations. We hypothesized that the method would be reproducible and reliable and that neurological deficits would be more likely in dogs with more severe kyphosis.
Materials and Methods

Ethics statement
This study was considered as sub-threshold for specific ethical approval by the convenor of the school of veterinary medicine ethics committee, as the work involved only analysis of data routinely recorded from normal and necessary clinical procedures.
Cases
The medical records of the University of Glasgow Small Animal Hospital were retrospectively reviewed from September 2009 to April 2013 to identify French bulldogs, English bulldogs, Boston terriers and Pugs with or without neurological deficits that had lateral and ventro-dorsal digital radiographs of the thoracic spine with at least a single vertebral congenital malformation present. The breed, age and sex were recorded. If there were any neurological deficits associated with the vertebral malformation identified, then the neurological grade at presentation was recorded, using the standard grading system (Table 1) [14] . Patients were then divided into two groups, one where the vertebral malformation was associated with neurological deficits (Group 1) and one without associated neurological deficits (Group 2). The cases used in the present study were also included in a previous study on classification of congenital vertebral malformations [15] . All dogs in group1 had magnetic resonance imaging which confirmed the compressive myelopathy to be secondary to the vertebral malformation on sagittal and transverse T2 weighted images.
Radiographic assessment
Radiographs of the thoracic spine (lateral and ventro-dorsal views) were performed using a digital radiography system (Siemens, Camberley, United Kingdom). They were then evaluated by three observers using an open-source PACS Workstation DICOM viewer (Osirix Imaging Software, v 3.9.2, Pixmeo, Geneva, Switzerland) that measured the Cobb angle automatically. Observers included two board certified veterinary neurologists (RG, JP) and a veterinary neurology resident (JG) that were blinded to the dog groups. Radiographs were reviewed on the same monitor of a laptop computer (Mac Book Pro, Apple, Cupertino, California, USA) on two occasions and several weeks apart.
The degree of spinal curvature was assessed on the ventrodorsal view for scoliosis and on the lateral view for kyphosis of the vertebral malformation leading to spinal curvature. Two reference lines, including a line parallel to the cranial vertebral end plate of the first vertebra cranial to the malformed vertebra and a line parallel to the caudal vertebral end plate of the first caudal vertebra, were traced and the Cobb angle was automatically calculated by the software (Figure 1 ). If multiple malformations were present, each was evaluated individually unless they were adjacent, in which case the most significant vertebral malformation was selected.
Statistics
The intraclass correlation coefficient (ICC) two-way mixed model on absolute agreement was used to analyse the measurement reliability and it was calculated for both intra-and interobserver reliability [16] . The value can range from zero to one, with a higher value indicating better reliability. ICC less than 0.40 was considered as poor; 0.40 to 0.59 as fair; 0.60 to 0.74 as good, and 0.75 to 1.00 as excellent [17] . Descriptive statistics were reported as mean, median, range and standard deviation (SD). The Mann-Whitney test was used to compare both groups as the data was not normally distributed. Statistical significance was set for P,0.05. When statistics were calculated to compare the two groups, only one set of values from one observer was used (as the ICC values were excellent). When multiple vertebral malformations were present the one with the highest kyphotic and or scoliotic angle was used for the comparison between groups. Data was analyzed using statistical software (Minitab 16.0, Minitab Inc, Coventry, UK and SPSS 21, IBM Corp, Chicago, IL, USA).
Results
Data on the groups and the neurological status are summarized in Table 1 and Table 2 . Twenty-one dogs had a single congenital vertebral malformation causing some degree of kyphosis and/or scoliosis, five had two malformations and two had three malformations.
The mean Cobb angle of all measured radiographs for kyphosis was 24.02u (n: 222; median: 16.94u; range: 0.02u-87u), and 5.69u for scoliosis (n: 222; median: 3.02u; range: 0u-49.72u). The mean Cobb angle for kyphosis of group 1 (dogs with associated neurological deficits) was 45.67u (n: 72; median: 49.35u, range: 7.7u-87u) and 16.89u for group 2 (dogs without associated neurological deficits) (n: 96; median: 14.62u; range: 1.50u-47.90u). The mean Cobb angle for scoliosis of group 1 was 9.35u (n: 72; median: 4.10u; range 0u-49.72u) and 3.82u (n: 96; median: 2.39u; range: 0u-17.6u) for group 2. Table 1 . Clinical 0 to 5 grading scale for thoracolumbar spinal cord lesions [14] and incidence in the two groups.
Grade
Clinical signs Group1 Group2 There was a statistically significant difference between the kyphotic angles of the two groups (P,0.001), but there was no statistically significant difference between its scoliotic angles (P = 0.55) (Figure 2) . A kyphotic angle .35u had a positive predictive value of 75% for related neurological deficits (negative predictive value of 100%), with a sensitivity and specificity of 100% and 84% respectively.
The intra-and the inter-observer ICC were both excellent when assessing the Cobb angle to quantify spinal curvature on digital radiographs; when the confidence interval was set at 95% (CI 95%), it remained excellent. Table 3 outlines the intra-and interobserver correlation coefficients for the Cobb angles and their CI 95%.
Discussion
To the authors' knowledge, this is the first study assessing the reliability of a computer-assisted digital radiographic measurement method to calculate the Cobb angle in veterinary medicine, despite the method being one of the most commonly used in human medicine for assessment of kyphosis and scoliosis [18, 19] . We confirmed the hypothesis that the evaluation of the Cobb angle on digital radiographs is a feasible and reliable method to quantify the degree of spinal curvature in dogs. Three previous veterinary studies investigated spinal curvature in dogs: one studied a manual technique to measure the degree of kyphosis and its relationship with neurological deficit, and the other two mentioned the use of the Cobb angle manual technique to assess the deformity prior to surgery in dogs without assessing its reliability [2, 4, 5] .
As digital imaging techniques are available in most veterinary practices and hospitals, we aimed to evaluate the feasibility and the reproducibility of Cobb angle measurements in patients with abnormal spinal curvatures, such as kyphosis and scoliosis, via a computer assisted, commercially available plug-in for digital radiography. We confirmed that this method was easy to use and that its reproducibility was excellent, with ICC values over 0.9. When assessing the confidence interval set at 95%, we could conclude that it remained excellent. Assessing this method on digitalized radiography offered the advantage of evaluating a technique which is accessible for general practitioners, and where image size and contrast could be modulated to better define the vertebral end plates, without influencing the results.
Cobb angle measurements have been reported to have a high variability due to incorrect definition of the end vertebra, as well as defective angle measurement [20] . The rationale for the use of a software plug-in that automatically calculates the Cobb angle and for the use of pre-selected and constant end-vertebrae was to reduce these sources of error [20, 21] . It is clear however that inaccuracy in angle measurement exists and was inherent to the method itself as measurement of a three-dimensional structure was attempted in a two-dimensional radiographic plane. This was in part explained by the difficulty in drawing a line through a vertebral end plate, which was not evident as a straight line on the radiographs, as well as the difficulty in defining some of the vertebral endplates when vertebrae were superimposed, in particular on ventro-dorsal view radiographs.
The mean scoliotic angles for the two groups were lower than 10u, which should therefore not be classified as scoliosis per se [22] . This, in part, explains why scoliosis was identified in many dogs in our population, without it being related to the presence of neurological deficits.
Kyphosis was the main spinal deformity observed in association with clinical signs, as previously reported [1, 2, 5] . In the affected group of 12 dogs, in two dogs the neurological deficits could be ascribed to extrusion of an intervertebral disc adjacent to the congenital vertebral malformation or due to empyema secondary to discospondylitis adjacent to the congenital vertebral malformation. Early degeneration of intervertebral discs adjacent to malformed vertebrae has recently been highlighted in dogs, and may have been the predisposing factor in that patient [23] . If those Table 2 . Incidence, breed, sex and age (n = 28). two cases are excluded from our affected population, then a cut-off appears around a kyphotic angle of 35u. This finding would suggest that, if indeed kyphotic angles are of progressive nature, [1, 24] healthy young dogs with a kyphotic angle below, but close to, 35u may benefit from monitoring for the subsequent appearance of neurological deficits. Serial Cobb angle measurements in these patients would also allow objective determination of progression of vertebral angulation. There is currently no supportive data to suggest any advantages for preventive stabilization with spinal surgery in dogs without neurological deficits; although early intervention may be warranted to prevent them. Although this study has limitations in its retrospective nature and its small sample size, it advances evidence for the computerassisted digital radiographic measurement of the Cobb angle as a reliable, reproducible and easy to use method to quantify the degree of spinal curvature in dogs. Further prospective studies, most likely multicenter with larger populations, would be valuable to assess the exact correlation between the degree of spinal curvature and the neurological status in pre-defined dog breeds; as determined by the Cobb angle measurement.
Conclusions
The goal of this study was to assess the use of the Cobb angle method in dogs with spinal curvature and to determine the interobserver and intraobserver reliability of the technique. We concluded that the use of digital imaging and software allowed accurate and reproducible measurement of the Cobb angle in a canine group with congenital vertebral malformations. We also identified in our groups, that a Cobb angle value greater than 35u indicated a high probability of related neurological deficits.
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